ABSTRACT An experiment consisting of 2 identically designed trials was conducted to determine the nutrient composition and AME n content of distillers dried grains with solubles (DDGS) to develop prediction equations for AME n in broilers. Fifteen samples of DDGS ranging in ether extract (EE) from 3.15 to 13.23% (DM basis) were collected from various dry-grind ethanol plants and were subsequently fed to broiler chicks to determine AME n content. A corn-soybean meal control diet was formulated to contain 15% dextrose, and test diets were created by mixing the control diet with 15% DDGS at the expense of dextrose. In each trial, 672 male Ross × Ross 708 chicks were housed in grower battery cages with 7 birds per cage (0.06 m 2 /bird) and received a common starter diet until 10 d of age. Each cage was randomly assigned to 1 of 16 dietary treatments, with 6 replicate pens per treatment. Experimental diets were fed over a 6-d acclimation period from 10 to 16 d of age, followed by a 48-h total excreta collection period. Gross energy (GE) and CP of the experimental diets and excreta were determined to calculate AME n for each DDGS sample. On a DM basis, AME n of the 15 DDGS samples ranged from 1,869 to 2,824 kcal/kg. Analyses were conducted to determine the GE, CP, EE, DM, starch, total dietary fiber (TDF), neutral detergent fiber (NDF), acid detergent fiber (ADF), and ash content of the DDGS samples. Stepwise regression resulted in the following best-fit equation for AME n (DM basis) based on the adjusted coefficient of determination (R 2 adj ), SE, and prediction error sum of squares (PRESS): AME n , kcal/kg = −12,282 + (2.60 × GE) + (89.75 × CP) + (125.80 × starch) -(40.67 × TDF; R 2 adj = 0.86; SE = 98.76; PRESS = 199,819; P ≤ 0.001). These results indicated that the composition of DDGS with variable EE content may be used to predict AME n in broiler chicks.
INTRODUCTION
Continued expansion of the ethanol industry has increased the amount of corn fermentation coproducts available to livestock producers as an alternative feed ingredient. Specifically, distillers dried grains with solubles (DDGS) have been increasingly used in poultry diets. However, recent advances in biorefining technologies have allowed the ethanol industry to remove an additional 2 to 6% ether extract (EE) from DDGS as a strategy to generate additional revenue through the production and marketing of crude corn oil. As a result, the AME n value of reduced oil DDGS may be decreased by as much as 300 to 600 kcal/kg. Differences in oil content exacerbate the inherent energy variability among DDGS sources, and therefore may limit their utility in broiler diets.
To mitigate the adverse consequences of nutrient variability among DDGS sources, prediction equations have been developed to estimate ME based on their chemical composition (TME n of corn DDGS, Batal and Dale, 2006 ; AME n of wheat DDGS, Cozannet et al., 2010) . Prediction equations provide an estimated energy value that is more accommodating to the inherent variation among modern DDGS sources than published values, while also eliminating the need for costly and timeconsuming in vivo assays for every DDGS source to be used in diet formulations. Evaluation of corn coproducts with a wide range of nutrient composition allows for the development of robust ME prediction equations (Rochell et al., 2011) . The equations reported by Rochell et al. (2011) indicate that fiber measures such as neutral detergent fiber (NDF) or hemicellulose (HC) are important predictors for AME n content. However, neither of these measures was reported by Batal and Dale (2006) . Recent data in swine (Anderson et al., 2012) have likewise shown that ME may be predicted from total dietary fiber (TDF) values, which were also not reported by Batal and Dale (2006) or Cozannet et al. (2010) . Additionally, because Cozannet et al. (2010) used wheat DDGS, the equations developed therein are not applicable to corn DDGS. Furthermore, the EE content of most of the DDGS samples used to develop equations in the work of Batal and Dale (2006) and Rochell et al. (2011) was greater than 9.0%. Therefore, the application of these equations to reduced oil DDGS would require undesirable extrapolation. Prediction equations for AME n that specifically address the wide range of EE content now observed in corn DDGS sources have not been reported. Therefore, the objectives of this study were to evaluate the AME n content of 15 DDGS samples varying in EE content and to develop regression equations that accurately predict the AME n content of reduced oil DDGS in broilers based upon chemical composition.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved the use of live birds in this experimental protocol (PRN 2012 (PRN -2056 .
Dietary Treatments
Fifteen DDGS samples were obtained from various dry-grind ethanol plants throughout the Midwestern United States. These samples were selected to represent a wide range of EE content. Sixteen dietary treatments consisted of a control diet [85% basal diet (Table 1) 
Broiler Husbandry
Two identical energy balance trials were conducted in broilers from 10 to 18 d of age. One thousand three hundred forty-four male Ross × Ross 708 (Aviagen Inc., Huntsville, AL) chicks were obtained from a commercial hatchery and received vaccines for Marek's disease, Newcastle disease, and infectious bronchitis. In each trial, 672 chicks (7 per cage) were placed into grower battery cages (Petersime, Gettysburg, OH). Each cage (68 × 68 × 38 cm) was equipped with a trough feeder and a trough waterer. The experimental facility was a solid-sided house with temperature control. For both trials, temperature was set at 33°C at placement and decreased gradually with increasing bird age to 27°C at the conclusion of the trial. A 23L:1D lighting schedule was used for the duration of the trial. Broilers were fed a common corn-soybean meal starter diet from placement to 10 d of age.
Measurements
Birds were placed on experimental diets at 10 d of age. After a 6-d acclimation period, a 48-h energy balance assay was conducted from 16 to 18 d of age. Feed consumption and BW gain were recorded to verify acceptance of the dietary treatments over the 8-d experimental feeding period. Feed disappearance and total excreta weights (wet basis) were recorded during the 48-h collection period to calculate energy and nitrogen intake and excretion. Multiple subsamples were collected from the total amount of accumulated excreta on the pan beneath each pen. Each excreta sample was then homogenized, and a 250-g representative sample was reserved in a plastic bag.
Representative samples of feed and excreta were frozen and subsequently dried at 55°C for 48 h in a forcedair oven. Dried samples were then ground through a mill equipped with a 1-mm screen to ensure a homogeneous mixture. Duplicate 0.8-g samples of feed and excreta were analyzed for gross energy (GE) using an adiabatic oxygen bomb calorimeter (Parr Instruments, Moline, IA). Nitrogen contents of the experimental diets and excreta were analyzed by a commercial laboratory (University of Missouri Agricultural Experiment Station Chemical Laboratories, Columbia; method 990.03; AOAC International, 2006) . Apparent ME n for each dietary treatment was calculated using 8.73 kcal/g as the nitrogen correction factor (Titus, 1956) , and subtracting the AME n contribution from dextrose (3,640 kcal/kg; Hill and Anderson, 1958) from the control diet by using the following equations: total AME n intake (kcal) = (GE intake (kcal) -GE excretion (kcal) -{8.73 (kcal/g) × [N intake from diet (g) -N excretion (g)]}); basal AME n intake (kcal) = [AME n of control diet (85% basal + 15% dextrose; kcal) -3,640 kcal of ME/kg of dextrose]; DDGS AME n (kcal/kg) = {[total AME n intake (kcal) -basal AME n intake (kcal)]/DDGS intake (kg)}.
All DDGS samples were analyzed by a commercial laboratory for proximate composition (University of Missouri Agriculture Experiment Station Chemical Laboratories, Columbia; Tables 2 and 3) unless otherwise described. Neutral detergent fiber (Holst, 1973) 
Statistical Analyses
Data were analyzed as a randomized complete block design (SAS Institute, 2009) with cage location as the blocking factor. Each treatment was represented by 12 replications (6 replicates per trial).
Stepwise regression was used to determine the relationship between nutrient composition and AME n described by the following model:
where y is the response variable, AME n ; (x 1 , x 2 , …, x k ) is the set of k regressor variables corresponding to each analyzed nutrient; the parameters β j , j = 0, 1, …, k are the partial regression coefficients representing the expected change in response y per unit change in x 1 when all the remaining regressor variables, x 1 (i ≠ j), are held constant; and ε is an independent and normally distributed random error component. The stepwise selection procedure begins by first including the regressor variable with the highest simple correlation to the dependent variable. As each regressor is entered into the model, the partial correlation coefficients of the remaining candidate regressors are calculated to adjust for effect of each selected variable on the dependent variable. The candidate regressor with the largest partial correlation coefficient then enters the model. At each step, the regressors in the model are reevaluated for significance and may be removed if they exceed the criteria for entry. The process is repeated until no further candidate regressors meet the criteria for entry or elimination (Montgomery et al., 2012 ). In the current study, entry and elimination criteria were set at P ≤ 0.05. The resultant best fit equation was chosen based upon the SE of the regression coefficients, the adjusted coefficient of multiple determination (R 2 Adj ), the Mallows' statistic (C p ), the prediction error sum of squares (PRESS), and the prediction coefficient of determination (R 2 Pred. ), as defined below:
where n is the number of observations in the sample, p is the number of regressors included in the model, SS Res is the residual sum of squares, SS T is the total sum of squares, σ 2 is the estimate of σ 2 , y i is the predicted value for the ith observation, and ˆ( ) y i is the predicted value of the ith observed response based on a model fit to the remaining (n − 1) sample points when the ith observation is removed (Montgomery et al., 2012) .
The adjusted coefficient of multiple determination was chosen as a selection criterion because its value only increases in response to the addition of variables that reduce the residual mean square of the model. Thus, the R 2 adj provides a more straightforward approach of comparing models with different numbers of regressors than the unadjusted coefficient of multiple determination, which increases inherently when variables are added to the model (Montgomery et al., 2012) . Additionally, full and partial correlations between nutrient composition and AME n were calculated to assist in interpreting the results of stepwise selection. Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
Multiple linear regression analysis of the nutrient composition of feedstuffs, with the aim of developing prediction equations for energy, has been successfully applied to a variety of ethanol coproducts in the past (Batal and Dale, 2006; Cozannet et al., 2010 , Rochell et al., 2011 . To generate a prediction equation that is not only robust and accurate, but also of practical use in a commercial poultry production setting, the selection of representative samples with a wide range of nutrient content is required. Therefore, in the current research, DDGS samples were selected to represent the wide range of EE content observed in the modern DDGS now being produced in the US ethanol industry and made available to commercial poultry producers. The selected DDGS samples ranged in EE content from 3.15 to 13.23% (Table 2) . Previous research in both poultry and swine has emphasized the importance of various fiber fractions in the development of prediction equations for the ME of corn coproducts such as DDGS (Pedersen et al., 2007; Rochell et al., 2011; Anderson et al., 2012) . In the selected DDGS samples, TDF ranged from 28.90 to 37.80%, NDF from 27.03 to 50.96%, and ADF from 7.65 to 15.82%. Gross energy content of the DDGS samples ranged from 4,678 to 5,167 kcal/kg of DM, CP from 26.48 to 34.74%, starch from 0.84 to 3.89%, and ash from 4.32 to 5.31%. Extensive variation in nutrient composition is characteristic of DDGS, and reflects the variation in ethanol processing procedures as well as inherent variation in the original corn source (Cromwell et al., 1993; Spiehs et al., 2002) .
Prior research has used TME n assays as a method for determining energy content when evaluating DDGS samples in poultry (Lumpkins et al., 2004; Batal and Dale, 2006; Fastinger et al., 2006 , Kim et al., 2010 . However, AME n assays permit ad libitum feeding of the experimental diet, which better simulates feeding practices in the broiler industry. To determine AME n , DDGS may be substituted for a portion of either a practical diet or a semipurified diet (Adeola and Ileleji, 2009 ). Substitution of the test ingredient at a high level reduces variance in the calculated AME n , but may negatively affect feed intake and DM digestibility of the diet (Adeola and Zhai, 2012 ). In the current study, utilization of a practical corn-soybean meal basal diet with the inclusion rate of DDGS set at the recommended maximum of 15% for the grower phase (Lumpkins et al., 2004) allows the approximation of an industry diet without compromising the accuracy of the AME n determination for the test ingredient. However, Adeola and Ileleji (2009) observed lower ME n values for DDGS fed in a practical basal diet compared with those fed in a semipurified diet. Furthermore, AME n values for DDGS are approximately 20% lower than the corresponding TME n values (NRC, 1994) . Therefore, any comparisons between published ME values must take the assay type and basal diet into account. Feed intake between birds receiving DDGS treatments was similar over the 8-d experimental feeding period (Table 4) . However, when compared with birds receiving the dextrose control diet, birds receiving DDGS sources 3, 4, 5, and 11 consumed less feed (P ≤ 0.05). Consequently, BW gain was lower for birds receiving DDGS sources 4, 5, and 11 compared with those receiving the dextrose control (Table 4 ; P ≤ 0.05). Sibbald (1975) demonstrated a hyperbolic relationship between apparent ME and test diet intake with apparent ME approaching the true ME value of the test diet at high levels of intake. However, the numerical differences in daily feed intake for this experiment were much less extreme than those observed by Sibbald (1975) , and therefore it is not expected that a significant depression in AME n content occurred for those treatments.
Apparent ME n values for all 15 samples of DDGS ranged from 1,869 to 2,824 kcal/kg of DM with an average value of 2,309 kcal/kg of DM (Table 5) . Rochell et al. (2011) reported an average AME n value of 2,678 kcal/kg for 6 samples of DDGS. However, this may be attributed to the analysis of DDGS with greater AME n values than those used in the current study. Because the DDGS in the current study varied widely in GE content between samples, AME n as a percentage of GE was calculated. The average AME n value as a percentage of GE was 46.2%, indicating that broilers did not efficiently use DDGS as an energy source.
Pearson correlation coefficients between the chemical components of DDGS and their AME n value are shown in Table 6 . Gross energy was highly correlated with AME n (r = 0.69, P = 0.01), and may be attributed to the inherent arithmetic limitation placed on potential AME n value by the GE content of the DDGS sample. Total dietary fiber also displayed a strong correlation with AME n (r = −0.56, P = 0.03), followed closely by ADF, and NDF (r = −0.52, −0.52, respectively, P = 0.05). Similarly, strong correlations between fiber fractions and energy value have been observed in previous research for a variety of corn coproducts (Rochell et al., 2011) and wheat DDGS (Cozannet et al., 2010 ). In contrast to the observations of Rochell et al. (2011) , HC did not correlate significantly with AME n (r = −0.48, P = 0.07) in the reduced oil DDGS sources evaluated in the current study. This disparity may be attributable to the wide range of HC content (3.78 to 48.56%) observed in the array of corn coproducts analyzed by Rochell et al. (2011) , in comparison with the relatively narrow HC content of the DDGS used in the current study (17.97 to 35.14%). Neither starch (r = 0.09, P = 0.75) nor ash (r = 0.01, P = 0.98) displayed a significant correlation to AME n due to their low content in the DDGS samples evaluated. Although CP contributes to ME, it was not significantly correlated to AME n (r = −0.20, a-e Means not sharing a common superscript within a column differ significantly (P < 0.05).
1 Gross energy and AME n are expressed as kilocalories per kilogram of DM. Apparent ME was determined by a 48-h excreta collection following a 6-d adaptation period. P = 0.48), and was likely due to the homogeneous CP content of the analyzed DDGS samples. The weak correlation of EE (r = 0.35, P = 0.21) with AME n is unexpected given the high energy contribution of fat, as well as the purposeful selection of DDGS samples with a wide range of EE content. Nevertheless, this finding is supported by Rochell et al. (2011) , where a similarly poor correlation of EE with AME n (r = 0.39, P = 0.15) was reported.
Stepwise multiple linear regression analysis was used to identify the combination of nutritional components that most effectively predicted AME n for the 15 DDGS sources (Table 7) . Because GE has the highest simple correlation with AME n , the first model is a simple linear regression of AME n on GE (equation 1) However, analysis of feedstuffs for TDF is less automated than that of other nutrient components and is consequently more costly, time-consuming, and laborintensive. Therefore, TDF was excluded from the pool of potential predictors made available for selection into the model (Table 8 ). Gross energy was the first variable to enter the revised selection model (equation 1). With TDF omitted from the variable selection pool, stepwise selection included ADF (P = 0.13; equation 2, R 2 Adj = 0.50) instead as the second predictor after GE. Crude protein (P = 0.01; equation 3, R 2 Adj = 0.71) and starch (P = 0.01; equation 4, R 2 Adj = 0.71) were again added as the third and fourth predictor variables for the revised selection equation. The model was then improved Table 7 . Stepwise selection of a regression model for AME n based on the nutrient composition of 15 corn distillers dried grains with solubles samples AME n equation The strong influence of fiber fractions observed in the current study corresponds well with the work of Rochell et al. (2011) , in which HC was selected as the primary predictor, followed by NDF when HC was omitted from the model. Similarly, Cozannet et al. (2010) reported that ADF effectively predicted AME n in wheat DDGS. Comparable results were acquired for prediction equations in swine, where ADF (Pedersen et al., 2007 ; R 2 = 0.94) and TDF (Anderson et al., 2012 ; R 2 = 0.77) were selected as major predictors for ME. In contrast to these results, Batal and Dale (2006) reported that TME n was best predicted by EE content. However, direct comparisons are difficult between the present study and that of Batal and Dale (2006) due to the use of different ME assays. Furthermore, the prediction equations reported by Batal and Dale (2006) were based solely on the proximate composition of the DDGS, and therefore did not account for the specific fiber fractions addressed in the current study. Because hemicellulose is calculated as the difference between NDF and ADF, it cannot be included in the variable pool for selection without first removing NDF and ADF. Selection based on HC produced models that were inferior in all selection criteria and are therefore not addressed here.
Although the inclusion of NDF produces a model with improved R 2 Adj , SE, and C(p) values compared with the prior model including TDF, it is important to note that these values reflect the efficacy of a regression model in explaining the variability of the data used to produce the model. Upon examining the PRESS values for each model, it is evident that each has different expected prediction capabilities for other data. The model that includes TDF has a PRESS value of 199,819 compared with a value 227,477 for the model in which NDF is included. A model with a higher PRESS value will explain the variation outside the data range less effectively than a model with a lower PRESS value. For models containing TDF or NDF, the R 2 Pred. values calculated from PRESS were 0.80 or 0.71, respectively. The R 2 Adj for the model including NDF indicates that it explains approximately 2% more of the variation in the current set of DDGS samples than the equation including TDF. However, the R 2 Pred. values indicate that the equation including TDF is expected to explain approximately 9% more of the variation in a new set of DDGS samples. The importance of TDF in prediction of AME n for DDGS may be due to the high levels of β-glucans present in DDGS due to residual yeast from the ethanol fermentation process (Liu, 2011) . Whereas TDF accounts for the presence of β-glucans, NDF does not (NRC, 2012) . Thus, TDF may be better suited for inclusion in prediction equations for DDGS, despite the associated analytical costs.
Although the DDGS sources used in this study were specifically selected to represent a wide range of EE content to evaluate the effect of oil extraction technologies on the energy value of DDGS, EE did not enter the AME n prediction model. Restricting the model to contain EE alone resulted in a poor model for which the overall regression was not significant (AME n = 2,034 + 35.55 × EE; R 2 adj = 0.05, P = 0.20). Similar to the findings of this study, Rochell et al. (2011) reported that EE did not enter one of the best-fit models generated for AME n . Additionally, prediction models for ME in Table 8 . Stepwise selection of a regression model for AME n based on the nutrient composition of 15 corn distillers dried grains with solubles samples with total dietary fiber removed from the model AME n equation Intercept swine included EE only as a secondary predictor after the inclusion of fiber fractions (Pederson et al., 2007; Anderson et al., 2012) . The limited effect of EE as a predictor of AME n is likely due to the predominance of fiber fractions as a percentage of DDGS composition. This may be particularly true when the EE content has been further reduced by oil extraction technologies, because the removal of oil has a concentrating effect on other components of DDGS, such as fiber. The detrimental impact of fiber fractions on energy digestibility in poultry is well-documented (Annison and Choct, 1991; Bedford, 1996; Mateos et al., 2012) , and is reflected in the negative regression coefficients associated with fiber fractions in the current study. Furthermore, studies in swine have shown that intact sources of corn oil are much less digestible than supplemental corn oil (Adams and Jensen, 1984; Kim et al., 2013) . This effect may be exacerbated by the presence of high concentrations of dietary fiber (Bach Knudsen and Hansen, 1991; Dégen et al., 2007) .
In conclusion, modern DDGS sources selected for variable EE content exhibited a wide range of AME n values. Stepwise selection in multiple linear regression determined that GE, TDF, CP, and starch were the best predictors of AME n in DDGS. Omission of TDF from the variable selection pool to develop a more practical model resulted in the inclusion of NDF in lieu of TDF. Ether extract did not effectively predict AME n , and hence was not included in the model. Rigorous validation of these models with an independent set of DDGS samples is warranted to verify their practical value as prediction equations for AME n in broiler diets.
